We demonstrate the performance of a novel cyan light-emitting diode (LED) on a patterned sapphire (PS) substrate as a light source for plastic optical fiber (POF) communications with the central wavelength at 500 nm. To further enhance the external quantum efficiency (EQE) and output power of this miniaturized high-speed LED, a LED with a PS substrate is adopted. Furthermore, by greatly reducing the number of active In x Ga 1Àx N/GaN multiple quantum wells (MQWs) to four and minimizing the device active area, we can achieve a record-high electrical-to-optical (E-O) bandwidth (as high as 400 MHz) among all the reported high-speed visible LEDs under a very small dc bias current (40 mA). The fiber coupling efficiency has been improved in 4 dB using lens with a 500-m diameter mounted on the LED chip. Thus, the maximum fiber-coupled power was À2.67 dBm at the bias current of 40 mA. The 1.07-Gb/s data transmissions over a 50-m SI-POF fiber have been successfully demonstrated using this device at the bias current of 40 mA.
Introduction
Recently, high-speed GaAs-based red resonant-cavity (RC) light-emitting diodes (RCLEDs) ($650 nm) have been used for applications in polymethylmethacrylate (PMMA)-based plastic optical fiber (POF) communication [1] - [4] . Although the technologies for vertical-cavity surfaceemitting lasers (VCSELs) at 850 nm [5] , [6] , which are used for multimode glass-optical-fiber-based short-reach communication [7] , [8] , become mature and exhibit much faster data rate transmission than that of the RCLEDs used for POF communication, RCLEDs still have niche applications in harsh-environment communication, such as for in-car data transmission [1] - [4] and data acquisition/control in power generation systems (e.g., wind farms) [1] - [4] , [9] . This is because of its much lower required driving current density than that of the VCSEL, which provides the improved device reliability needed for harsh-environment operation [4] . However, in comparison to PMMA loss window at the wavelength of around 500 nm, the red operating window has a narrower optical bandwidth ($5 nm versus $20 nm) and a higher attenuation (8 dB/50 m versus 4 dB/50 m). Fig. 1 (a) and (b) shows the effective spectral loss, which defines the actual attenuation under assumption that the optical source has a Gaussian-shaped spectrum with a full-width at halfmaximum (FWHM) of 30 nm. As can be seen, the PMMA-POF link operating with short-wavelength optical sources provides a better performance. Moreover, it has a better tolerance to transmitter with wider spectrum or to spectral drift with temperature.
The suitability of high-speed III-nitride-based green (cyan) or blue LEDs [10] - [16] at around wavelengths of 400-530 nm have thus been demonstrated to meet such applications. Compared with the GaAs-based red RCLEDs, the nitride-based LEDs should be much more immune to variations in ambient temperature and more suitable for communications in a harsh environment due to their larger band gap [14] . In previous reports [14] , we demonstrated the invariability of highspeed performance of III-nitride-based green LEDs at ambient temperatures as high as 200 C. The other major application of III-nitride-based LEDs is for solid-state lighting. This also drives the development in improving their high-speed performance for white-light indoor wireless communication [16] - [19] . However, the power consumption reported for these III-nitride LEDs for high-speed operation is usually larger than that of red RCLEDs. The bias current required for 9 200-Mb/s errorfree POF data transmission at room temperature (RT) for the reported green and red LEDs is around 60 mA [14] and $30 mA [1] - [4] , respectively. In order to achieve a higher modulation speed with lower power consumption for POF data transmission, the III-nitride-based high-speed green laser diodes (LDs) [20] at $520-nm wavelength is another attractive choice. Compared with the discussed III-nitride-based green LEDs, the III-nitride-based green LDs should have the potential to offer a larger modulation speed and a higher optical power coupled into the POF. Nevertheless, due to the limited material gain of In x Ga 1Àx N/GaN-based green multiple quantum wells (MQWs), a long LD cavity length (up to $1 mm) is thus necessary to overcome mirror loss and have the lasing phenomenon [20] , [21] . This would result in a small RC-limited bandwidth and also seriously limit the maximum data rate during POF transmission. Furthermore, a large bias current and an external temperature controller are both necessary to attain a wide electrical-to-optical (E-O) bandwidth ($1 GHz) for this type of long-cavity laser [20] .
In this paper, we demonstrate the performance of a novel high-speed cyan nitride-based LED with a miniaturized device area and thin active region designed to minimize the required bias current for high-speed operation. In order to enhance the external quantum efficiency (EQE) and sustain the output optical power of such a small device for POF communication, it was fabricated on the patterned sapphire (PS) substrate [22] . Under a small dc bias current ($40 mA), we can achieve a record 3-dB E-O bandwidth as high as 0.4 GHz among all the reported high-speed visible LEDs [1] - [4] , [10] - [16] . The lens with a 500-m diameter mounted on the LED chip improves the coupling efficiency in $4 dB. At the bias current of 40 mA, the fiber-coupled power achieves À2.67 dBm. By using the novel transmitter and Si-based 800-MHz photo-receiver circuits with an 800-m active diameter, error-free 1.07-Gb/s data transmission over a 50-m POF fiber has been successfully demonstrated. Fig. 2 (b) shows a conceptual cross-sectional view of our proposed device structure. The epilayer structures were grown on a (0001) PS substrate. The four-period In x Ga 1Àx N/GaN cyan MQW region, bottom n-type GaN layer, and topmost p-type (Al)GaN layer were about $80, 3000, and 210 nm thick, respectively. The thickness of the GaN barrier and InGaN well layers was 180 and 25 Å, respectively. The n-type doping density in the GaN barrier layers of the two MQWs closest to the n-type cladding layer was around 2 Â 10 18 cm À3 . The GaN barrier layers in the other two MQW layers were left undoped. The partial n-type doping profile was used to enhance the modulation speed and output power of the LEDs; see our previous work [12] . Furthermore, our active layer is much thinner (80 versus 200 nm) than that typically reported for high-speed nitridebased green LEDs [10] - [14] , which can increase the injected carrier density, shorten the spontaneous recombination time, and enhance the operation speed [23] . Fig. 2(a) shows the top view of the demonstrated LED and a zoom-in scanning electron microscope (SEM) picture of the periodic structures, which have a triangular shape with around 2 m width and height, on the PS substrate. Each LED has an active diameter of around 50 or 75 m. During device fabrication, each LED is etched down to the insulating sapphire substrate to minimize the parasitic capacitance of the device. For details of the fabrication processes, please refer to our previous work [12] , [14] . The PS substrate cannot only enhance the output light extraction efficiency but also improve the quality of the epilayer structure [22] . These advantages can enhance the output power from the LED for data transmission, improve electrostatic discharge (ESD) endurance voltages, and minimize its leakage current [22] , which become especially important when the device active area is further downscaled to attain very high-speed performance. Fig. 2(c) shows the measured electroluminescence spectrum of our device with a 75-m active diameter under different bias currents. As can be seen, the measured central wavelength ($500 nm) exactly matches the loss minimum window of standard PMMA POF (G 4 dB/50 m), as shown in Fig. 1 . In addition, when the bias current increases from 1 to 50 mA, the measured central wavelength gradually blue shifts from $500 nm to $480 nm. This phenomenon is usually observed in III-nitride LEDs and can be attributed to the screening of the piezoelectric (PZ) field inside the active MQW layers by the external injected carriers [24] , [25] . Fig. 3(a) shows the total free-space output power (P) and the corresponding EQE from devices with two different active diameters (50 and 75 m), operated at RT, as measured by the integrating sphere, versus the bias current (I). We can clearly see that, under a moderate bias current density (5 mA, $ 200 A/cm 2 ) [24] - [26] , our device exhibits high absolute EQE ($50%) [26] , which indicates the benefit of the PS substrate to enhance the light extraction efficiency [22] of our LED. Compared with the reported high-speed green III-nitride-based LEDs [10] - [14] , our demonstrated device can have a comparable or higher output power with a much smaller active area and under a lower required bias current. Fig. 3(b) shows the measured I (current)-V (voltage) curves and the coupled power from the 50-and 75-m devices under different bias currents (at RT) into the standard PMMA-based POF with a 1-mm core diameter. Based on the I-V curves, we can clearly see that the differential resistance measured under a $70-mA bias current of 50-and 75-m devices is as low as 29 and 18 , respectively. Such low resistance, combined with the small junction capacitance due to the miniaturized device size, implies a very high RC-limited bandwidth. The modeling results for our device show that the RC-limited bandwidth of both devices is over 4 GHz [24] , which is much higher than that of the measured E-O bandwidths, as will be discussed later. On the other hand, by comparing the free-space output power with the coupled power as shown in Fig. 3(a) and (b), respectively, we can extract the butt-joint coupling efficiency, which is around 8% for both devices. Such low values of coupling efficiency should be improved by using a lens, which will be discussed later. The capability for high-temperature operation is also a key issue for harshenvironment communication. Fig. 4(a) and (b) shows the variation in the coupling power into the POF versus the bias current measured under different ambient temperatures (25 C, 50 C, 100 C, and 130 C). The insets show the difference in output power ð4pÞ between RT (25 C) and hightemperature (50 C, 100 C, and 130 C) operations of devices under different bias currents. These values of power ð4pÞ are normalized to the output power of devices ð4p/pÞ at corresponding bias currents under RT operation.
Device Structure and Fabrication

Measurement Results
As can be seen, for both devices, when the bias current is over $10 mA, the variation of the output power with the increasing of bias current is minimized. Under 40-mA bias current operation, which corresponds to the required bias current for the maximum 3-dB O-E bandwidth, the degradation in output power is only around 15% for both devices under 100 C operation. This phenomenon is very different from the behavior of typical semiconductor-based light emitters, which usually exhibit a monotonic increase in the degree of output-power degradation with an increase in the bias current, especially under high-temperature operation, due to the increase in junction temperature. These static measurement results can be attributed to the influence of the strong PZ field inside the GaN/InGaN MQW region [24] , [25] . When the bias current exceeds a certain value (9 10 mA for our case), the PZ field is completely screened, and the effective barrier height in the MQW region thus increases [24] , [25] . This should be accompanied by a lower probability of carrier-escape and less output-power degradation under high-temperature operation [24] , [25] .
Figs. 5(a) and 6(a) show the measured E-O modulation frequency responses of our 50-and 75-m devices under different bias currents and at RT operation, respectively. As can be seen, when the bias current reaches 40 mA for both devices, the measured 3-dB E-O bandwidth can be as wide as 0.4 and 0.2 GHz, respectively. This measured maximum speed performance of our small device is even faster than that reported for the high-speed red RCLED (350 MHz [1] ), which has a much more complex epilayer structure and should have the highest performance ever reported for any visible LEDs [1] - [4] , [10] - [15] .
In comparison with previously published high-speed green LEDs [12] , the thinning of active layers and downscaling of device active area allows achieving a higher modulation speed (400 MHz versus 330 MHz) at lower bias current ($40 versus 110 mA) [12] . C. This result is rather different from the RCLEDs operating at 650 nm [1] , which have a comparable speed performance but, at the same time, demonstrate significant output-power degradation in $40% at temperature growth from 10 C to 70 C [1] . Based on these static and dynamic measurement results, shown in Figs. 4-6, we can conclude that the larger band-gap difference in the active layer can really suppress the carrier leakage from active area of III-nitride LED, offering superior high-temperature performance.
For the further improvement of the coupling efficiency between LED with 75-m active areas and POF, the lens has been mounted on the LED chip (see Fig. 7 ). The used ball lens with a radius (R) of 250 m is made from the material BK7 glass, and its refractive index (n) is 1.57. The estimation for the focal length of a half ball lens is 440 m (R/(n -1)). The principal plane is R/n away from the flat surface (160 m), and the corresponding focal point is about 600 m away from the LED surface. As shown in Fig. 7 , we thus set the ball lens very close to the POF surface. The P-I curves in Fig. 8(a) show the fiber-coupled power measured after 1-m POF using an integration sphere. As can be seen, two traces measured by the use of two different packaged devices, which represent the best and worst measurement results, are shown. In comparison with butt-coupled solution, the lens improved the coupling efficiency, which ranges from 4 to 5 dB. Thus, the maximum fibercoupled power demonstrated during the test was À2.67 dBm at bias current of 40 mA, which is around 36% of the total free-space output power of the device. Such results are comparable with parameters of the commercially available red RCLED designed for 250-Mb/s data transmission with À2-dBm fiber-coupled power at the bias current of 45 mA 1 . Fig. 8(b) shows the measured E-O modulation frequency responses of the packaged device with a 75-m active area diameter. As can be seen, the measured 3-dB bandwidth is around 210 MHz, which is close to its on-wafer measurements (see Fig. 6 ).
For the data transmission tests, 10-and 50-m SI-POF (class A4a.2) links have been used. The transmission setup includes the LED with a 75-m active area, which has been driven over Bias-T in its linear region with peak-to-peak modulation amplitude of 4.5 V; the fiber link of SI-POF Mitsubishi GH4001 with 1-mm core diameter (POF class A4a.2, according IEC 60793-2-40); and an optical receiver based on a 800-m silicon pin photodiode (Si-PD) HAMAMATSU S5052, which is connected to a transimpedance amplifier (TIA) with 3-dB bandwidth of 800 MHz. Fig. 9(a) shows the measured bit-error rate (BER) after a 10-m SI-POF link with a passive equalizer depending on bias current of the 75-m LED without lens. The LED was directly driven with a pseudorandom bit sequence (PRBS 2 5 À 1) with a bit rate of 0.5, 0.8, and 1.0 Gb/s. The use of a PRBS sequence length of 31 ð2 5 À 1Þ is comparable to a B4B5 coded signal (maximum of five equal symbols). The influence of the low frequency response on PAM16 (pulse-amplitude modulation with 16 discrete levels) and DMT (discrete multitone) modulation, which have a longer PRBS length and a lower symbol rate, is subject for next future investigations. The error-free operation can be achieved for the bit rate of 0.5 Gb/s under the bias current of 40 mA. Fig. 9(b) shows the measured eye patterns for the data rates of 0.5, 0.8, and 1.0 Gb/s. The implementation of the forward error correction coding (FEC) [27] with 7% overhead provides error-free operation of the 10-m SI-POF link at 0.93 Gb/s under the bias current of 40 mA. The further improvement of the system performance requires a higher fiber-coupled power. Fig. 10 shows the measured 1-Gb/s eye diagram obtained after the 10-m SI-POF transmission link, which includes 75-m LED equipped with a lens. The LED with improved coupling efficiency provides a higher optical power at the far end of the system, and thus, we can obtain the 1-Gb/s eye patterns with a better signal-to-noise ratio than that of the eye patterns shown in Fig. 9(b) with the same data rate and under the same bias current (40 mA). Fig. 11 shows the measured BER depending on the bit rate after the 50-m SI-POF transmission link, which includes 75-m LED equipped with a lens. After deduction of 7% FEC bits, a maximum net bit rate of 1.07 Gb/s is achieved under a 40-mA bias current.
We have also tested the transmission performance of high-performance red RCLED 1 by the use of the same setup and the same length of POF (50 m). The maximum transmission data rate of red RCLED is higher than that of our device ($1.45 versus 1.1 Gb/s). This is because the chromatic dispersion of our demonstrated cyan LED at 1 Gb/s over POF lengths of 50 m produces a higher penalty, compared with red RCLED. It has a narrower optical linewidth due to the characteristic of RC structure. On the other hand, this dispersion can be compensated by DFE (decision feedback equalizer) for example, and the power budget advantage of the green LED should be much higher than the chromatic dispersion penalty. Nevertheless, the reduction of the spectral width of the demonstrated cyan LED is a task for the next future.
Conclusion
We demonstrate a miniaturized GaN-based cyan LED on a PS substrate, which can enhance the EQE performance and sustain a reasonable output power. By thinning the active layer thickness, shrinking the device active area, and using the TO package with a BK-7 lens for enhancing optical coupling into POF, we can achieve a high coupled power into POF ($ À2.67 dBm), high O-E bandwidth (210 MHz), and error-free (after FEC) data rate as high as1.07 Gb/s for a 50-m POF transmission under a reasonable small bias current (40 mA). The high-speed performance of the link can be improved by a suitable LED driver, which has output impedance matched with the LED.
